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The inhibiting effect of two newly synthesized Schiff bases was investigated on the corrosion of
carbon steel in 1M hydrochloric acid solution under various conditions by weight loss, impedance, and
potentiodynamic polarization measurements. The Schiff bases used were 4,4’-bis (2-hydroxy-1-
naphthaldehyde imine) diphenylether (L1) and 4,4’-bis(2-Hydroxy-1-naphthaldéhyde imine)
diphenylmethane (L2). The inhibition efficiency of these compounds varied with concentration and
immersion time. Potentiodynamic polarization study indicated that the tested compounds are mixed
type (cathodic/anodic) inhibitors. Electrochemical impedance spectroscopy was also used to
investigate the mechanism of corrosion inhibition, it showed that the charge transfer resistance (R
increased and double layer capacitance (Cgyj) decreased with an increase in the inhibitor concentration.
The inhibition efficiency was found to increase with increasing inhibitor concentration. The adsorption
of the inhibitor on the metal surface obeys Langmuir isotherm.
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1. INTRODUCTION

Compounds were synthesized from the condensation reactions product of an amine and ketone
or aldehyde with a general formula of R,C=NR-Schiff bases are well-known organic inhibitors [1,2].
The use of organic products type Schiff bases as corrosion inhibitors for carbon steel has expected a
great importance in reason of their application in the prevention of corrosion under various aggressive
environments [3,4]. Many research works shown that the inhibition efficiency of Schiff bases is much
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greater than that of corresponding amines and aldehydes and attributed this to the presence of an —
HC=N- group in the molecules which enriches the electron cloud [5-7]. Synthesis and characterization
of Schiff bases are very important because of their potential applications and properties such as
anticancer, anticonvulsant, antitumor, antifungal, antibacterial, antitubercular, antioxidant,
antimalarial, anti-inflammatory, corrosion inhibitor, biological, anti- HIV and pesticidal properties [8].
Heterocyclic organic compounds containing nitrogen, sulphur or oxygen atoms are often used to
protect metals from corrosion [9]. These atoms are the active sites for the process of adsorption on the
metal surface. The adsorption process, and consequently the inhibition efficiency and even the
inhibition mechanism depend on the electronic and structural characteristics of the inhibitor, the nature
of the surface, the temperature and pressure of the reaction, the flow velocity as well as composition of
the aggressive environment [10-13]. Theoretical chemistry has been used recently to explain the
mechanism of corrosion inhibition, such as quantum chemical calculations [14-16]. Theoretical
calculations have been shown a very useful tool for studying the mechanism [17-19].

In the present study, we report the synthesis and structural characterization of tétradentate
symmetrical Schiff bases (Scheme 1). A detailed study of their inhibition behavior, as well as a study
on their EIS, polarization curves and weight loss is also reported.

//O
X HO Q
HC— N—
+2 Ethanol N CH +2H,0
OH HO
HyN NH, Reflux
X=0 (L1)

X=CHa (L2)

L1: X=0 (4,4’-bis(2-hydroxy-1-naphthaldehyde imine)diphenyl ether; C34H24N,03)
L2: X= CH; (4,4’-bis (2-hydroxy-1-naphthaldéhyde imine)diphenyl methane; C3sHzsN20,)

Scheme 1. Synthetic way for ligands L1 and L2

2. EXPERIMENTAL PROCEDURE

All materials and solvents were analytical reagent grade. 4,4’-diaminodiphenyl ether, 4,4’-
diaminodiphenyl methane and 2-Hydroxy-1-naphtaldéehyde were commercial samples supplied by
Aldrich and purified by standard procedures. Their purity was determined by thin layer
chromatography (TLC).

A three-electrode cell, consisting of carbon steel X48 working electrode (WE) was prepared
from a cylindrical carbon steel bar with chemical composition reported as C: 0.45-0.50, Si < 0.40, Mn:
0.50-0.80, S: 0.015-0.035, Cr + Ni + Mo < 0.63 and Fe: rest (in wt. %). The electrode was sealed in a
Teflon tube with polyester leaving only the working area exposed and so only, its cross section (6 mm
in diameter) was allowed to contact the acidic solution. The exposed surface (0.28 cm?) was polished
using different grades of emery paper (800, 1000, 1200, 1500, 2000, 2400 and 4000 graduates) prior to



Int. J. Electrochem. Sci., Vol. 13, 2018 6960

each experiment, and then rinsed with double distilled water and finally degreased with acetone before
their immersion in the acid solution. A counter electrode (CE) was a large plate of platinum (2 cm?)
and the saturated calomel electrode (SCE) was also employed as a reference electrode (RE). All
experiments were achieved in room condition without stirring.

2.1. Synthesis of inhibitors

The Schiff bases (Scheme 1) were prepared according to the described procedure [20]. To a
stirred ethanoic solution (20 ml) of 4,4’-diaminodiphenyl ether (0.7 g, 1 mmol, MP: 188-192°C) or
4,4’-diaminodiphenyl methane (1.0 g, 1 mmol, MP: 92°C) with 2-Hydroxy-1-naphtaldéhyde (1.75 g, 2
mmol) was added. The light brown solution was stirred and heated to reflux for 3h. A yellow
precipitate was obtained that was filtered off and washed with hot ethanol. Yield of products were
obtained 88.8% and 80.70% and their melting points 117.59 °C and 256.95°C respectively.
Identification of structure of synthesized Schiff bases was performed by IR, DSC and elementary
analysis. Elemental analysis calculated for CzsH24N2O3 (L1): calculated: C, 79.77; H, 5.02; N, 5.64.
Found: C, 79.41; H, 5.01; N, 5.47% and for C3sH26N20, (L2): calculated: C, 82.94; H, 5.34; N, 5.36.
Found C, 82.74; H, 5.32; N, 5.29%. FT-IR (KBr, cm™): v (C=N) peak at 1622 cm™ (L1) and 1626 cm™
(L2), the absence of a v(C=0) peak at around 1700 cm™ is symbolic of Schiff’s bases condensation,
peak of phenolic OH at 3442 cm™ and 3445 cm™ for two compounds respectively. v = 1242 cm™ (C—
0-C).

2.2. Electrolyte

All tests were performed at room temperature. M in 1M HCI. The solutions were prepared by
the dilution of analytical grade of 37 % HCI with double distilled water in the absence and presence of
inhibitors.

2.3. Weight loss measurements

The weight loss experiments were performed using cylindrical carbon steel coupons (Good
fellow, 99.998%) having the dimensions, 2 cmx 2 cm x 0.5 cm, and the exposed total area is 8,058
cm?. The specimens were scraped with a series of emery paper (100, 220, 320, 800, 1000, 1200, 1500,
2000, 2400 and 4000 grades). The specimens were immersed in 50 mL of 1M HCI with and without
the addition of the inhibitor; all the aggressive acid solutions were open to air. After immersion times,
the specimens were taken out, washed, dried, and weighed accurately. All weight-loss measurements
were performed in triplicates and the maximum standard deviation in the observed weight loss was
+0.1 mg. The loss in weight (mg cm™), the corrosion rate (mg cm™ h™') and the percentage of the
inhibition efficiency over the exposure time were calculated as reported in our previous work. The
average weight loss AW (mg) was calculated using the following equation [21]:

AW =W, — W (1)
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where W, and W are the average weight of specimens before and after immersion,
respectively.
The corrosion rate, Cg (mg cm™ h™®) was calculated using the following equation [22]:

AW
Cp =—
R™ gt

)

where AW is the mass loss, S the area of the specimen (cm?) and t is the immersion period (h).
The percentage inhibition efficiency IE (%) was calculated using the relationship [23]:

IE (%)= (%:”‘) )x100 3)

Cr and Crinny are corrosion rates in the absence and presence of inhibitor, respectively and
surface coverage (6) values were calculated with the following equation:

g = (Caom) @

2.4. Electrochemical measurements

Electrochemical experiments were performed using a Voltalab potentiostat model PGZ-301. In
order to obtain a steady state open circuit potential, the working electrode was submerged in the
aggressive media for 30 min before the measurements. The electrochemical impedance spectroscopy
measurements were carried out at open corrosion potential (Ecor) With a frequency range within the
limits 100 kHz and 10 mHz with a sinusoidal signal amplitude equal to 10 mV. Potentiodynamic
anodic and cathodic polarization curves were performed using a scan rate equal 0.5 mV s™ from -250
to -850 mV of anodic or cathodic over potential, respectively for various concentrations of inhibitors.

2.5. Spectroscopiques analysis

IR spectra were registered as KBr discs using a Perkin-Elmer FT-IR 1000 series
spectrophotometer in the range 4000-400 cm™. The melting points were specified with a Kofler bench.
The thermograms of DSC were registered on a DSC822e-Mettler-Toledo Software star device in the
temperature range from 40 to 400 °C at a rate of 5 °C min™ under a nitrogen purge.

2.6. Scanning electron microscope analysis (SEM)

The carbon steel specimens were scraped with a series of emery paper (100, 320, 800, 1000,
1200, 1500, 2000 and 2400 grade) and then cleaned with distilled water and acetone. After immersion
in 1M HCI solution in the absence and the presence of 5x10° M of inhibitors L1 and L2 at atmosphere
conditions for 24 h, the specimen was washed with bidistilled water, dried with a cold air, and then the
SEM pictures were registered using JEOL JSM-7001F-Japan. Analytical scanning electron microscope
in the vacuum mode by the instrument operated at 10 kV.

2.7.1. Theoretical study

2.7.1. Quantum chemical calculations Study
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Quantum chemical study was performed on Schiff bases to esteem the energy of the highest
occupied molecular orbital (Enomo), the lowest unoccupied molecular orbital (E umo), the number of
transferred electrons (AN) and the dipole moment («). The calculations were conducted using the
Gaussian 09 program and the Gauss View Molecular Visualization program [24]. Geometry
optimization of the studied products were carried out by density functional theory (DFT) level with the
non-local hybrid density functional B3LYP [25] at basis sets 6-31G (d,p) [26].

2.7.2. Molecular dynamics (MD) simulation

Molecular dynamics simulations were achieved by using Materials Studio 7.0 software from
Accelrys Inc. [27]. Fe (1 1 0) plane was cleaved from pure Fe crystal, and then was extended to
construct a suitable supercell (10x 10) to obtain the Fe (1 1 0) model with 24.82 A x 24.82 A x 10.135
A. The optimized inhibitor molecule was too built. The MD simulation of the interaction between the
inhibitors molecules and the Fe surface (1 1 0) was performed in a simulation box (24.82 A x 24.82 A
x 25.13 A) with periodic boundary conditions to model a representative face of an interface deprived
of any arbitrary boundary effects. The box includes of a Fe plate and a vacuum layer of 10 A in height.

3. RESULTS AND DISCUSSION
3.1. Weight loss tests

Table 1. Corrosion parameters obtained by weight-loss test in 1M HCI solution at various
concentrations of the tested compounds.

t (h) compound Cinn (M) AW () Cr(mgcm™ h? IE (%)
Blank 0.073 15099 = -

5x10° 0.039 0.8066 46.58

7.5x10°® 0.035 0.7239 52.05

6 L1 10° 0.032 0.6619 56.16

5x10° 0.028 0.5791 61.64

Blank 0.0585 1.2099 -

5x10° 0.0474 0.9803 18.97

L2 7.5%x10°° 0.0348 0.7197 40.52

10° 0.0217 0.4488 62.90

5x10° 0.0173 0.3516 70.93

Blank 0.189 09773 -

5x10°° 0.082 0.4240 56.61

7.5x10° 0.076 0.3930 59.78

24 L1 10° 0.072 0.3723 61.90
5x10° 0.049 0.2534 74.07

Blank 0.1212 0.6266 -

5x10°® 0.0697 0.3604 42.48

7.5x10°® 0.0615 0.3180 49.25

L2 10° 0.0419 0.2167 65.42
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5x10™ 0.0270 0.1396 71.72

The weight loss of carbon steel specimens in 1M HCI solution, with and without different
concentrations of the investigated inhibitors, was determined after different immersion time intervals
of 6 and 24 h at room temperature. The Inhibitory efficiency percentage values IE (%) and corrosion
rate (Cr) found from weight loss method at different concentrations of each inhibitor are given in
Table 1.

It has been obtained that the inhibition efficiency of the examined compounds increases with
increase in concentration. The maximum inhibition efficiency for each compound was obtained at
5x10° M and further increase in concentration did not cause any appreciable change in the
performance of inhibitors.

It is clear that the gradual increase of the inhibitor concentration from 10 to 10 M by weight
increases the adsorbed molecules onto the steel surface, which rises the surface coverage and
inhibitory efficiency of the examined inhibitors. This impact may be attributed to the accumulation of
the inhibitor molecules onto the metal surface, which decreases the interaction between the acidic
medium and the metal surface. It can be concluded that these inhibitors act by adsorption on the
surface of the carbon steel and the formation of a barrier layer between the metal and the aggressive
medium [28].

3.2. Electrochemical impedance spectroscopy

The impedance experiment is a real tool and has been widely used in examining corrosion
inhibition processes. It delivers information on both the resistive and capacitive behavior at the
interface and makes possible to estimate the performance of the tested compounds as possible
inhibitors against metals corrosion [29]. Nyquist representations of the inhibitors are presented in Fig.
1. It is clear from all diagrams that the impedance response of carbon steel in test solution was
significantly changed after the addition of the inhibitors. The charge transfer resistance values were
found from the diameter of the semicircles of the Nyquist plots. The inhibition efficiency of the
inhibitor was calculated from the charge transfer resistance values by the following equation [30]:

IE (%) = (W) x100 ©)

ct(inh)
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where Re and Reynny are the charge transfer resistances of the electrode without and with
inhibitor, respectively.

The double layer capacitance (Cqj) values were obtained at the f (-Zimax) frequency, at which the
imaginary component of the impedance is maximal according to equation (6).

Ca= (o ) x = (6)

2nf(—Zimax) Ret

The values of this calculated IE (%) are listed in Table 2 from which it is also seen that the
value of IE (%) increases as the concentrations of inhibitors increases in the solution.

Table 2. Electrochemical impedance parameters for carbon steel in 1M HCI with and without
addition of various concentrations of Schiff bases inhibitors at 25 °C.

Compound Cinh (M) Ret (Q cmd) Cal (UF cm™) IE (%) 0
Blank 20.3232 1054 - -

L1 2.5x%x10° 23.9042 813.5 14.98 0.149

5x 10° 34.1000 810.6 40.40 0.404

7.5x10° 44.8135 704.7 54.61 0.546

10° 49.9810 280.0 59.33 0.593

25x 107 73.3655 214.6 72.29 0.723

5 x107° 142.3166 139.9 85.21 0.852

25x10° 46.0731 535.8 55.88 0.558

5x 10 63.6952 504.5 68.09 0.681

L2 7.5x10° 68.3607 461.1 70.27 0.703

10° 105.4814 375.3 80.73 0.807

25x 107 184.4378 214.6 88.98 0.889

5 x107° 207.0002 135.1 90.18 0.902

The EIS studies (Fig. 1) show that the presence of Schiff bases (0.05 mM) increases the
corrosion inhibitors efficiency to 90 % in the corrosive medium.

After analysis of impedance results, we found that the values of the charge transfer resistance,
Ret, increases in the inhibitory system than the uninhibited system. A great resistance is associated with
the slowing corrosion system and decreases the active surface needed for the corrosion reaction [31],
the decrease of Cgq with inhibitor concentration is maybe due to a decrease in local dielectric constant
and/or an increase in the thickness of a protective layer at the electrode surface [32,33].

The impedance data of carbon steel in 1M HCI are analyzed in terms of an equivalent circuit
model (Fig. 2) which R is the charge transfer resistance is placed in parallel to the double layer
capacitance Cq both in series with the solution resistance Rs.
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Figure 1. Nyquist diagrams for carbon steel in 1M HCI containing different concentrations of Schiff
bases inhibitors at room temperature.
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Figure 2. The equivalent circuit model used to fit the experimental results.

3.3. Tafel polarization
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Figure 3. Tafel polarization curves for carbon steel obtained at 25 °C in 1M HCI solution containing
various concentrations of inhibitors.

Fig. 3 shows anodic and cathodic polarization plots recorded on a carbon steel electrode in 1M
HCI in the absence and presence of different concentrations of inhibitors at ambient temperature.
Corrosion is an electrochemical phenomenon and inhibitors decrease the velocity of electrochemical
electrode reactions. Table 3 shows the electrochemical corrosion kinetic parameters, i.e., corrosion
potential (Ecorr), cathodic and anodic Tafel slopes (f¢, fa) and corrosion current density (icorr) found by
extrapolation of the Tafel lines.

Ecorr Values of inhibited and uninhibited systems do not vary significantly, which indicate that
the addition of the examined compounds affected both anodic and cathodic reactions signifying that
the Schiff bases were a mixed kind (anodic/cathodic) inhibitor [34,35]. In each diagram, it is clear that
the current density of the anodic and cathodic slops is moved towards inferior values, which indicates
the corrosion mitigation. This displacement is more evident with the rise in the concentration of the
corrosion inhibitor when compared to the blank material [36]. This result suggests that the addition of
the synthesized inhibitors reduces anodic dissolution and retards the hydrogen evolution reaction [37].

The inhibition efficiency IE (%) and surface coverage (d) have been calculated according to
equations (7) and (8) respectively [38,39]:

IE (%) = (icorr_ici:::r(inh) )X100 @)
o= (icorr—iciz:rrr(inh) ) )

Where icorr(inn) IS the inhibited and i.,,, the inhibited current density, respectively.

It can be seen that the corrosion rate reduced and inhibition efficiency IE (%) increased by
increasing inhibitor concentration.
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Table 3. Corrosion parameters for carbon steel in 1M HCI found by Tafel plots in the absence and
presence of the evaluated inhibitors at 25 °C.

Com. Cinh 'Ecorr 'ﬁc Ba icorr Rct IE 0
(M) (MV/SCE) (mV/dec) (mV/dec) (pAcm?) (Qcm?) (%)

Blank 505 86.9 133.7 650.9 30.91 - -
2.5x10° 503 109.5 106.3 490.2 41.92 24.68 0.25
5x 10° 509 114.5 101.7 370.8 54.17 43.03 0.43
L1 75x10° 524.5 116.6 82.6 342.8 54.42 47.33 0.47
10° 503 118.9 86.3 304.5 63.47 53.21 0.53
2.5x 107 530.5 128.4 89.1 215.8 86.45 66.84 0.67
5x10° 509 164.7 67.2 173.8 95.73 73.29 0.73
2.5x10° 502 82.2 122.5 326.5 53.39 49.83 0.50
5x 10° 542 89.9 141.4 230.1 88.48 64.64 0.65
L2 7.5x10° 541 87.3 169.7 207.9 104.8 68.05 0.68
10° 525 77.4 131.8 126.7 149.8  80.53 0.81
2.5x10° 502.5 81.9 48.3 111.9 156.09 82.80 0.83
5 x107 496 62.7 76.5 76.5 169.5 88.24 0.88

3.4. Adsorption isotherm

The adsorption isotherm can deliver significant information about the interaction of the Schiff
base products and the metal surface, so it is essential to know the mode of adsorption (chemisorption
or physisorption), and the adsorption isotherm that fits the experimental data. Langmuir adsorption
isotherm was found to provide the top description of the adsorption behavior of the examined
inhibitors [40,41]. A straight line is obtained by plotting C/0 vs. C for L1 and L2 as presented in Fig. 4.
The regression coefficients of the fitted curves are around unity (R?= 0.999 for L1 and R?= 0.994 for
L2), demonstrating that the adsorption of these inhibitors on the carbon steel surface obeys the
Langmuir isotherm which is given by the following equation [42]:

c 1
5~ Kagy | Cinh 9)

where K,q4s is the equilibrium constant of the adsorption process equal to 1.53x10°> M™ and
6.76x10° M™ for L1 and L2, respectively.

Kaqs is related to the standard Gibbs free energy of adsorption, AG2, according to [43].
AGY = —RTIn (55.5 Kags) (10)

where R (J mol™ K is the universal gas constant and T (K) is the absolute temperature and
55.5 (mol L™) is the molar concentration of water in solution.
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1 Tafel data:
(LD R*=0.999 (y=1.24x10°% + 0.6519x10°) L1
(L2 R =0.994 (y = 1.11x10°x + 0.1479x10°)

(c.)10°

inh

Figure 4. Langmuir adsorption plots for carbon steel in HCI 1M containing different concentrations of
Schiff bases compounds

From Eq. (10), the value of AG?,, was calculated as -39.52 KJ mol™ and -43.19 kJ mol™. The
negative values of AGY,, designate spontaneous adsorption of molecules on the carbon steel surface
and strong interaction between inhibitor molecules and the metal surface. It is established that the
values of AG2y.around or less than -20 kJ mol™ indicate physisorption and the values of AG; around
or greater than -40 kJ mol™ are considered as chemisorption. This indicated that the adsorption of
investigated Schiff bases on the metal surface is chemisorption [44].

3.5. Scanning electron microscopic (SEM) analysis

I 10pm JEOL-DAC
X 2,000 20.0kV SEI SEM WD 9.3mm 11:11:34
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i
X 1,000 20.0kV SEI  SEM WD 7.8mm  2:32:30

(d)

WD 7.2mm 12:33:14

Figure 5. SEM pictures of: (a) freshly polished carbon steel surface abraded without immersion in test
solutions at 25 °C, (b) after 24 h immersion in 1M HCI without inhibitor, (c) after 24 h
immersion in 1M HCI containing 5x10™ M of the inhibitor L1 and, (d) after 24 h immersion in
1 M HCI containing 5x10°° M of the inhibitor L2.

The surface images of the carbon steel exposed to 1M HCI in the absence and presence of
Schiff bases were obtained by SEM. The experimental results were gathered (Fig. 5), from which it
can be seen that before immersion, the metal surface seemed smooth (Fig. 5a). In the presence of the
uninhibited 1M HCI solution, a damaged and heterogeneous surface is observed because of severe
corrosion of carbon steel by the aggressive acid (Fig. 5b). However, in the presence of the inhibitors
L1 and L2 (Fig. 5¢c and d) respectively, much less damage was caused on the metal surface, which
confirms the inhibition effect. Therefore, it can be concluded that the Schiff bases possess a good
inhibiting ability for steel corrosion [45,46].

3.6. Theoretical section

3.6.1. DFT calculation

The inhibitory effect of the inhibitors regularly depends on the adsorption of these molecules
on the metal surface, this adsorption depending on the molecular structures [47]. Amongst quantum
chemical approaches for evaluation of corrosion inhibitors, density functional theory (DFT) has some
merits and appears to be adequate for obtaining the required electronic data responsible for inhibitory
action [48]. The frontier orbitals electron density distributions have a great importance in describing
the adsorption preference of the inhibitors [49]. The reactive ability of the inhibitor is considered to be
closely related to their frontier molecular orbitals, the HOMO and LUMO [50,51]. The following
quantum chemical indices were considered: the energy of the highest occupied molecular orbital
(EHomo), the energy of the lowest unoccupied molecular orbital (E umo), AE = ELumo-Enomo and the
dipole moment (). The Enomo is often associated with the electron donating ability of a molecule. The
inhibition efficiency increases with increasing Epomo, values. High Exomo values indicate that the



Int. J. Electrochem. Sci., Vol. 13, 2018 6970

molecule has a tendency to donate electrons to appropriate acceptor molecules with low energy empty
molecular orbitals. E; ymo indicates the ability of the molecule to accept electrons. The lower value of
ELumo, suggesting that the molecule easily accepts electrons from the donor molecules [52]. The
calculated parameters of the two molecules such as Enomo, ELumo, AEgap= Erumo-Eromo and the
dipole moment (), the lonization Potential (I), the Electron Affinity (A), the electronegativity (), the
global hardness (7), the global softness (o), and the fraction of electron transferred (AN) are shown in
Table 4. The ionization potential (I) and the electron affinity (A) are defined as follows:

| = -EHomo (11)

A =-ELumo (12)

Then the electronegativity and the global hardness were evaluated, based on the finite
difference approximation, as linear combinations of the calculated | and A [49].

x="= (13)

n= % (eV) (14)

Softness is the inverse of hardness:

o=1 (15)

The obtained values of y and # are used to calculate the fraction of the electron transferred, AN,
from the inhibitor to metallic surface as follow [53]:

AN _ __ZXFe —%inh (16)

- 2(Mre +Minh)

In order to calculate the fraction of electrons transferred, a theoretical value for the
electronegativity of iron was employed yre = 7 €V and a global hardness of 7= 0 eV [54].

The optimized structures of the examined Schiff bases in the neutral form including their
HOMO and LUMO distributions density are presented in Figs. 6, 7 and 8. Positive and negative
regions are shown by green and red colors respectively.

(L1)
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(L2)
Figure 6. Optimized molecular structures of L1 and L2.

Chemical reactivity and kinetic stability of the molecule are designated by the Frontier orbitals.
A large HOMO-LUMO gap implies high Kinetic stability and low chemical reactivity, as it is
energetically unfavorable to add an electron to a high-lying LUMO, to extract electrons from low-lying
HOMO.

HOMO (L1)

\)
I}

=)
= al

HOMO (L2) LUMO (L2)

Figure 7. Frontier molecule orbital density distributions of L1 and L2: HOMO (left); LUMO
(right).using DFT at the B3LYP/6-31G (d,p) basis set level.
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3.'3\{"3 V&#/Q‘ﬂ (L2) 9

1

Figure 8. Contour map of electrostatic potential calculated by the DFT/B3LYP//6-31G (d,p) of L1 and
L2 inhibitors.

The energy difference between the HOMO and LUMO are -7.22 and -7.10 eV for L1 and L2,
respectively, which implies that the compound L2 has a higher kinetic stability and high inhibition
efficiency.The dipole moment (u) is a measure of the polarity of a covalent bond, which is related to
the distribution of electrons in a molecule, the low value of dipole moment of the molecule may
decrease the dipole—dipole interaction [55]. The values of the dipole moment of L1 and L2 are 3.89
and 2.71 Debye, respectively, suggesting that L2 molecules are more favored for the accumulation of
the inhibitor molecules on the metal surface. The fraction of electrons transferred (AN) values
describes the inhibition achieved from electron donations. The inhibition efficiency increases with
increasing electron-donation ability to the metal surface [56].

Table 4. Quantum parameters of two compounds calculated using DFT at the B3LYP/6-31G (d,p)

basis set.
Quantum Etomo  EvLumo AE U | A x n o AN
parameter (eV) eVv) (eV) (D) (eV) (eV) eVv) (eV) (eV)
L1 -6.30 092 722 389 630 -0.92 269 361 0.27 059
L2 -6.17 093 710 271 6.17 -0.93 262 355 0.28 0.61

Mulliken charge analysis is used to estimate the adsorption centers of inhibitors, the calculated
Mulliken charges of selected atoms are presented in Table 5. It is possible to observe that the
heteroatom afford a noticeable excess of negative charges could act as a nucleophilic reagent [57].
Therefore, are the active adsorption sites. The highest negative charges were located on O7 (-0.57) and
N14 (-0.456) atoms, and negative charges around carbon atoms of the aromatic rings. Natural bonding
orbital (NBO) analysis is performed to understand intramolecular bonding and interaction among
bonds [58], NBO examination is used to calculate the distribution of electron density in atoms and in
bonds between atoms, the negative NBO charges were detected on O7, C7, N14, 028 and 039 atoms



Int. J. Electrochem. Sci., Vol. 13, 2018 6973

for both molecules. The highest negative charge was detected on 039 as (-0.65833) and (-0.65819) for
L1 and L2, respectively. NBO values are listed in Table 5.

Table 5. Mulliken and NBO atomic charges for L1 and L2 molecules.

L1 L2
Atom Mulliken charges  NBO charges Atom Mulliken charges NBO charges
C1 0.239778 0.12833 C1 0.247938 0.11585
C2 -0.095713 -0.22556 C2 -0.104502 -0.21826
C3 -0.096188 -0.26019 C3 -0.108730 -0.25165
C4 -0.124397 -0.22507 C4 -0.124518 -0.27037
C5 -0.153305 -0.23034 C5 -0.121925 -0.28793
C6 0.137479 -0.03909 C6 0.320050 0.29697
c7 -0.309531 -0.48380 o7 -0.575284 -0.50964
C8 0.136375 -0.03968 C8 0.320042 0.29696
C9 -0.145713 -0.23296 C9 -0.124516 -0.27037
C10 -0.130595 -0.22169 C10 -0.121915 -0.28792
C11 -0.093918 -0.22648 Cl1 -0.104505 -0.21827
C12 -0.097180 -0.25820 C12 -0.108731 -0.25166
C13 0.240411 0.12831 C13 0.247936 0.11585
N14 -0.453806 -0.41728 N14 -0.456486 -0.41801
N15 -0.452344 -0.41653 N15 -0.456470 -0.41801
C16 0.088042 0.09301 C16 0.087207 0.09116
C17 0.088196 0.09306 C17 0.087179 0.09115
C18 0.043252 -0.14349 C18 0.043563 -0.14318
C19 0.049782 -0.01769 C19 0.049997 -0.01790
C20 0.283017 0.37402 C20 0.282916 0.37372
C21 0.100045 -0.07704 C21 0.099943 -0.07695
C22 -0.126367 -0.30562 C22 -0.126349 -0.30547
C23 -0.131031 -0.17979 C23 -0.131105 -0.17994
C24 -0.130325 -0.20297 C24 -0.130202 -0.20281
C25 -0.092698 -0.24717 C25 -0.092739 -0.24715
C26 -0.091754 -0.22344 C26 -0.091652 -0.22348
c27 -0.138763 -0.22835 Cc27 -0.138693 -0.22851
028 -0.520241 -0.65797 028 -0.520649 -0.65834
C29 0.043603 -0.14338 C29 0.043584 -0.14319
C30 0.282523 0.37382 C30 0.282906 0.37373
C31 0.049358 -0.01766 C31 0.049982 -0.01790
C32 -0.126264 -0.30579 C32 -0.126349 -0.30548
C33 0.100195 -0.07707 C33 0.099942 -0.07695
C34 -0.131045 -0.17981 C34 -0.131104 -0.17994
C35 -0.139008 -0.22823 C35 -0.138690 -0.22851
C36 -0.091775 -0.22320 C36 -0.091655 -0.22348
C37 -0.092705 -0.24705 C37 -0.092738 -0.24715
C38 -0.130342 -0.20314 C38 -0.130202 -0.20281
039 -0.520452 -0.65819 039 -0.521212 -0.65833

3.6.2. Molecular dynamic simulation

structure top view side view
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Figure 9. Equilibrium adsorption configurations of inhibitors L1 and L2 on Fe (1 1 0) surface
obtained by molecular dynamic simulations.

Molecular dynamics can be applied to the structural study of molecules as well as to large
interacting systems. These simulations serve as structural and dynamic models for the comprehension
of experimental results. The behavior of the inhibitors on the surface was studied by MD simulations.
The use of the molecular dynamics simulations is a useful and modern tool to research the interaction
between inhibitors and metal surface [59]. Fig. 9 shows the equilibrium configurations of inhibitor
molecules on the Fe (1 1 0) surfaces, the formation of the flat or parallel orientation on steel surface
can be attributed to the relatively equal distribution of HOMO and LUMO densities on the whole
molecule, confirming the strong interaction between the molecule and iron atoms [60]. The calculated
adsorption energy and rigid adsorption energy are presented in Table 6. Large negative values of
adsorption energies mean that the interaction between inhibitor molecules and Fe surface is strong and
indicates the spontaneity of the adsorption process [61]. The high values of E,gs for L2 and L1 reflect
the higher stability of inhibitor/surface interaction and accordingly increase their inhibition efficiencies
[62,63]. This result is in agreement with the experimentally determined inhibition efficiencies.

Table 6. Outputs and descriptors calculated by the molecular dynamic simulations for adsorption of L1
and L2 derivatives on Fe (1 1 0) surface.

System Total energy  Adsorption energy Rigid adsorption energy Deformation energy
L1-Fe(110) -118.25 -454.13 -304.84 -149.29
L2-Fe(110) -121.17 -457.19 -301.16 -156.02




Int. J. Electrochem. Sci., Vol. 13, 2018 6975

4. CONCLUSIONS

The results presented in this work concern the synthesis of new compounds Schiff bases 4,4'-
bis(2-hydroxy-1-naphthaldehyde imine)diphenyl ether (L1) and 4,4'-bis(2-hydroxy-1-naphthaldehyde
imine) diphenyl methane (L2). Then, the characterization of these compounds by different methods of
analysis (DSC, infrared (IR), elementary analysis and the study of these new Schiff bases was
investigated on the corrosion of carbon steel XC48 in a 1M hydrochloric acid environment using
weight loss, electrochemical impedance spectroscopy and curves of polarization.

e The inhibition efficiency measured through weight loss test can reach about 78 % at 5x107
M for two Schiff bases.

e Characterization by impedance spectroscopy shows that the charge transfer resistance
increases with the increase in inhibitor concentration, while the capacity of the double layer decreases
as the quantity of inhibitor increases.

e The results obtained by the plots of the polarization curves show that these Inhibitors are
effective against corrosion of XC48 steel in 1M HCI media. We have inhibition efficiency increases
with the inhibitor concentrations achieved 73.29 % for L1 and 88.24 % for L2; this study indicated that
the tested compounds were of mixed type (cathodic/anodic) inhibitors.

e The results obtained from electrochemical measurements showed that the adsorption of
Schiff bases L1 and L2 on carbon steel in 1M HCI solution follows Langmuir isotherm.

e A good agreement between the values of the inhibition efficiency determined by polarization
Potentiodynamic (Tafel), by electrochemical impedance spectroscopy (EIS) and by weight loss.

e The SEM images showed the presence of protective film on the carbon steel surface
indicating the adsorption of products.

e The quantum chemical methods display a good relationship between the theoretical and
experimental electrochemical study.
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